ABSTRACT 20 nm sized Co 3 O 4 nanoparticles are in-situ grown on the chemically reduced graphene oxide (rGO) sheets to form a rGO-Co 3 O 4 composite during hydrothermal processing. The rGO-Co 3 O 4 composite is employed as the pseudocapacitor electrode in the 2 M KOH aqueous electrolyte solution. The rGOCo 3 O 4 composite electrode exhibits a specific capacitance of 472 F/g at a scan rate of 2 mV/s in a twoelectrode cell. 82.6% of capacitance is retained when the scan rate increases to 100 mV/s. The rGOCo 3 O 4 composite electrode shows high rate capability and excellent long-term stability. It also exhibits high energy density at relatively high power density. The energy density reaches 39.0 Wh/kg at a power density of 8.3 kW/kg. The super performance of the composite electrode is attributed to the synergistic effects of small size and good redox activity of the Co 3 O 4 particles combined with high electronic conductivity of the rGO sheets.
Introduction
Electrochemical capacitors (also called supercapacitors) are characteristic of high power density, fast charge-discharge and long lifetime, which serve as energy storage devices complementary to batteries [1] [2] [3] [4] . Supercapacitors are generally classified into electrical double-layer capacitor (EDLC) and pseudocapacitor. EDLC supercapacitors store energy through the accumulated charge at the interface between an electrode and an electrolyte. The energy storage mechanism of EDLC allows for long-term stability and fast charge-discharge. Activated carbon powders are the typical materials used in currently commercial EDLC supercapacitors because of their high specific surface area, high thermal stability, high conductivity and excellent corrosion resistance to electrolyte [2] . Recently, graphene has emerged as a promising candidate for EDLC supercapacitors due to its extremely high specific surface area, excellent electronic conductivity, outstanding intrinsic mechanical strength, reasonable chemical stability and superior thermal conductivity [5] [6] [7] [8] . However, the energy density of graphene-based supercapacitors still cannot meet the current need. Generally, the energy density of currently commercial EDLC supercapacitors is typically 3~5 Wh/kg, which is much lower than that of an electrochemical battery (30~40 Wh/kg for a lead acid battery and 10~250 Wh/kg for a lithium-ion battery) [9, 10] . Therefore, pseudocapacitors are being developed to improve the energy density of devices since pseudocapacitors store and deliver energy through redox reactions, leading to high specific capacitance [11, 12] . Transition metal oxides such as MnO 2 , NiO, Fe 2 O 3 and Co 3 O 4 are being studied as candidate materials for pseudocapacitor electrodes [11] [12] [13] [14] [15] [16] [17] [18] . Although metal oxides alone offer high specific capacitance, they deliver low power density and poor rate capability (dramatic drop of specific capacitance with an increase at a high scan rate) due to poor electronic conductivity [19] [20] [21] [22] .
Pseudocapacitor electrodes made of metal oxides generally possess poor energy density especially at high power density.
In order to obtain high-performance supercapacitors for a specific application that requires both high power density and energy density, many approaches have been explored to obtain desirable electrode 4 materials and structures [23] [24] [25] . According to the equations of P=ΔV 2 /(4Rm) and E=1/2 CΔV 2 , the power density (P) and the energy density (E) of supercapacitors can be improved by reducing the equivalent series resistance (R) and increasing the operating potential window (ΔV) as well as specific capacitance (C), respectively. Therefore, an efficient strategy to achieve high energy density without sacrificing the power density is to develop the composite materials that combine high conductivity of carbon materials with high specific capacitance of metal oxides [11] . In the present study, Co 3 Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and constant galvanostatic charge-discharge were performed on a two-electrode cell with a Gamry Reference 3000 instrument. A 2 M KOH aqueous solution was used as the electrolyte and Celgard 3501was employed as the separator.
The CV measurement was conducted at a potential window of 0-0.85 V. EIS measurements were performed at a AC amplitude of 5 mV in a frequency range from 0.01 Hz to 600 kHz. The specific capacitance was calculated from the CV curves according to the following equation [29] 
where A is the integral area of the cyclic voltammogram loop, ΔV is the sweep potential window, v is the scan rate and m is the mass of the electrode materials at each electrode. Alternatively, the specific capacitance was calculated from the galvanostatic charge-discharge curve according to the following equation [3, 30] 2
where I is the applied discharge current, Δt is the discharged time after IR drop. Factor of 2 was used because the series capacitance was formed in a two-electrode system.
The energy density (E) and the power density (P) were expressed as [3, 30] 
where C is the specific capacitance calculated from the charge-discharge curves. [32] .
Results and discussion
As shown in the FT-IR spectra (see Figure S1 ), GO possessed abundant oxygen-containing functional groups such as hydroxyl group, epoxide, carbonyl and carboxyl groups [33] [34] [35] [36] , which enabled the covalent binding of metal oxides. Previous studies have demonstrated that the hydrothermal treatment in ethanol can reduce GO to rGO [3, 37] . Consistently, our results also show the significant decrease in the C=O peak intensity in the FT-IR spectrum after hydrothermal treatment, indicating the reduction of GO. Generally, the rate capability is heavily dependent on three processes [12, 40] : the ion diffusion in the electrolyte, the surface adsorption of ions on the electrode materials and the charge transfer in the electrode. At a high scan rate, any of three processes is relatively slow, which will limit the rate, lowering the specific capacitance. 82.6% of capacitance remained when the scan rate reached 100 mV/s. Electrochemical impedance spectra (EIS) were obtained to characterize the composite electrode. composite electrode showed longer charge-discharge time than the rGO electrode, indicating larger specific capacitance ( Figure 5(a,b) ). The specific capacitance of the rGO-Co 3 O 4 electrode was investigated with the progressively increasing current density ( Figure 5(c) ). The specific capacitance was reduced from 458 F/g to 416 F/g with an increase in the current density from 0.5 A/g to 2.0 A/g.
The long-term stability of the rGO-Co 3 O 4 electrode was also investigated. The specific capacitance of the rGO-Co 3 O 4 electrode increased during the first 100 cycles, which was due to an activation process 10 in the supercapacitor electrode, similar to the previous report [41] . About 95.6% of the specific capacitance of rGO-Co 3 O 4 electrode was retained at the current density of 0.5 A/g after 1000 cycles ( Figure 5(d) ), which demonstrated high cycling stability. .0 Wh/kg even at a power density as high as 8.3 kW/kg, which was much higher than most of current commercial supercapacitors [9] . As mentioned in the previous sections, the rGO-Co 3 O 4 composite electrode had high specific capacitance which can store high density energy. The charge transfer and series resistance are small due to the combination of the Co 3 O 4 nanoparticles with the rGO sheets. The excellent rate capability of the rGO-Co 3 O 4 electrode ensures that it can efficiently deliver energy at short discharge time and high discharge current with negligible polarization and IR loss, and thus a high energy density can be achieved at relatively high power density.
Conclusions
This work has demonstrated a facile method for synthesis of the rGO- composite electrode upon charge/discharge at a current density of 2.0 A/g.
